Abstract Mutations in LRRK2 are associated with inherited Parkinson's disease (PD) in a large number of families, and the genetic locus containing the LRRK2 gene contains a risk factor for sporadic PD. The LRRK2 protein contains several domains that suggest a role in cellular signaling, including a kinase domain. It is also clear that LRRK2 interacts, either physically or genetically, with several other important proteins implicated in PD, suggesting that LRRK2 may be a central player in the pathways that underlie parkinsonism. As such, LRRK2 has been proposed to be a plausible target for therapeutic intervention, with kinase inhibition being pursued most actively. However, there are still several fundamental aspects of LRRK2 biology and function that remain unresolved at this time. This review will focus on the key questions of normal function of LRRK2 and how this might be related to the pathophysiology of PD.
Introduction
Many discussions about the etiology of Parkinson's disease (PD) start from the premise that the set of causes of this condition include genetic and environmental factors, but I am not convinced that this statement is correct. The replicated and known causal factors for PD are the following: genes, in the form of segregating variants in a modest but appreciable number of families and associated loci in sporadic disease, and aging, which is a required factor as no one is, to my knowledge, born with PD. Between age and genetics, one can explain the majority of risk in familial PD and about one third of lifetime risk in sporadic cases.
Why make this point? Because the diseases most likely to be solved are those where the etiology is best understoodvaccination against infectious disease being perhaps the most striking example-and so it is important to have clarity around causation. However, some humility is helpful, as understanding the genetic basis of disease does not immediately lead to cures. In some cases, there are spectacular successes, such as the use of high-dose riboflavin treatment in Brown-VialettoVan Laere syndrome caused by mutations in a riboflavin transporter [1] . However, in other cases, there is a distinct lag between finding a mutation and developing rational therapies, such as with cystic fibrosis [2] . In the case of PD, the first clearly defined causal gene was identified in 1997 [3] but no drug that affects the underlying disease progression is yet available.
In this context, the case of LRRK2 merits particular discussion. As will be discussed below, LRRK2 has attracted a great deal of interest as a potential drug target for PD, and yet, how it causes disease is poorly understood. My aim with this review is largely to discuss what is known and what is not known about LRRK2 with the underlying assumption that better understanding of how mutations affect the biology of the protein will identify novel targets for therapies.
LRRK2 as a Causative Gene and as a Risk Modifier
Mutations in LRRK2 were identified in a series of families from many different parts of the world [4] [5] [6] . The domain organization of LRRK2 and where the major mutations are located within that structure are shown in Fig. 1 
. All families
This article is part of the Topical Collection on Genetics show autosomal dominant inheritance of parkinsonism with an age-dependent but incomplete penetrance-there are individuals who live until old age without any clinical signs of PD [7] . In contrast to many other forms of parkinsonism that are generally rare, some LRRK2 mutations are relatively common. For example, the G2019S variant is present worldwide [8] but has a higher prevalence in people in North Africa where it may account for 30-40 % of all PD cases [9] . It is worth noting that many of these cases are apparently sporadic, probably due to low penetrance [10] . Because LRRK2 mediated disease requires aging, and even in older age not all carriers of LRRK2 express the disease phenotype, it is possible that relatives of a given index case may not have had PD within their lifetime.
All of the above variants that cause disease in families are non-synonymous point mutations, but there is an additional level of variation that was identified by genome-wide association studies (GWAS). The principle of GWAS is that a large collection of people without or with disease, in this instance sporadic PD, is genotyped at markers spread over all chromosomes. These markers are picked because they have more than one variant that is relatively common (usually more than 5 % of a population), but not because they are targeted to a gene that we suspect might be involved in a given disease. It was therefore hugely surprising that in the list of risk factors for sporadic PD nominated by GWAS, the region on chromosome 12 that harbors LRRK2 was identified and subsequently replicated across several studies [11] [12] [13] [14] .
LRRK2 is therefore a candidate for a pleomorphic risk locus [15] , i.e., a genetic region that contains both Mendelian variants and sporadic risk factors. Formally, it is not certain that LRRK2 itself is the gene that causes risk, as GWAS Fig. 1 LRRK2, mutations , regulation, and interactions. The domain structure of LRRK2 is shown in the center of the figure (blue) and contains (from N-to Ctermini) leucine-rich repeats (LRR), a Ras of complex protein (ROC) and C-terminal of ROC (COR) bidomain, a kinase domain, and a WD40 domain. Above the diagram are indications of the biochemical functions of each region and, above those, are some known regulators of phosphorylation status. Below the outline are the major Mendelian mutations (red) and one of the more common risk factors (orange) and an indication of their effects on the measurable biochemical activities of LRRK2. Finally, in the lower portion of the figure, some of the more reliable protein interactions are shown; all of these have been reported in more than one paper and with more than one technique used apart from GAK (cyclin G-associated kinase) which has to date only been reported once. This is included because it is one of two candidate risk factor genes identified by GWAS. Two additional genes that are important for sporadic PD risk are a-synuclein and tau, which have not yet been shown to bind directly to LRRK2 but do appear to be functionally related to some of the pathways in which LRRK2 is involved nominate large regions not specific variants in single genes. However, given the known pathogenic role of LRRK2 in familial PD, parsimony suggests that LRRK2 is the most likely candidate at this locus. It is not known how variants around LRRK2 influence the risk of disease. Amino acid changes are unlikely to be important as the gene has been sequenced extensively and most variants are too rare to explain the signal common enough to be picked up in GWAS. More likely, changes in expression levels or splicing of LRRK2 contribute to disease risk. An important question is whether higher or lower levels of LRRK2 activity are associated with disease pathogenesis. I will next discuss what the balance of evidence is for loss and gain of function of LRRK2 in relation to disease.
Mutant LRRK2 Alleles Produce Biochemically Active Proteins
Early experiments performed after the initial cloning of LRRK2 were aimed at a fundamental characterization of the active enzyme. LRRK2 has a clearly defined kinase sequence and a Ras of complex protein (ROC) domain, predicted on the basis of homology to bind and hydrolyze GTP (Fig. 1) . Intervening the ROC and kinase domains is a C-terminal of ROC (COR) domain. Outside of the catalytic core are a series of repeats including the leucine-rich repeats (LRR) that give LRRK proteins their name and a C-terminal WD40 domain. Thus, it was initially predicted that LRRK2 would have kinase and GTPase activities in common with other members of the ROCO family of proteins [16] .
Early results confirmed LRRK2 as an active kinase and reported an ∼twofold increase with the G2019S mutation [17, 18] . Other mutations either had only a modest increase in activity or were similar to wild-type protein. This result has been confirmed across many independent studies using different ways to measure kinase activity [19] . That the increase in activity with G2019S is seen no matter how LRRK2 is assayed suggests that the enhanced function is an inherent property of the mutant protein and that disease is not caused by a loss of kinase activity. That disease is associated with an enhanced function would then mean that inhibition of kinase activity should block toxicity, leading to a new therapeutic approach for PD.
Results comparing kinase-active and kinase-dead constructs in cell [18, 20] and mouse models [21] suggest that kinase activity is indeed required for detrimental effects of mutant LRRK2. Because of these results, several groups have developed small molecules that will compete for ATP in the kinase domain of LRRK2 and inhibit activity [22] [23] [24] [25] and some LRRK2 inhibitors block neurodegeneration in vivo [26] .
Despite these positive results, it is unclear if LRRK2 kinase inhibitors could be therapeutically useful. Dosing primates with inhibitors can cause lung pathology similar to that seen in knockout mice [27] . The similarity between phenotypes suggests that the toxic effects might be mediated through LRRK2 itself, raising a potential safety concern for LRRK2 kinase inhibitors in general. Additionally, not all mutations in LRRK2 increase kinase activity and at least one risk factor variant, G2385R, decreases kinase activity even if placed in a construct also including the hyperactive G2019S mutation [28] . There are several ways to interpret this data, but two obvious possibilities are that either (a) both increased and decreased activities are associated with disease risk or (b) disease mechanisms do not necessarily involve the kinase activity of LRRK2 [29] . Also, in some assays, LRRK2 inhibition can make the wild-type protein behave like mutant forms. LRRK2 is phosphorylated at a series of residues around the LRR region including S910, S935, S955, and S973 that are important for binding 14-3-3 proteins [30, 31] . Phosphorylation at these residues is controlled by combined action of kinases, which might include casein-kinase 1 [32] and IKK family members [33] , and phosphatases including PP1a [34] . Mutant forms of LRRK2 tend to be dephosphorylated [30, 31] , and inhibitors either of upstream kinases [32] or LRRK2 itself [35] mimic this effect. The mechanistic details of why LRRK2 inhibitors cause this effect are not resolved, but the data show that inhibited LRRK2 might behave like the pathogenic form, at least in these biochemical assays, leaving the possibility that such compounds might have detrimental effects open. Finally, it was not widely noted in earlier papers but several kinase-inactive versions of LRRK2 are less stable than kinaseactive versions especially in neurons. Thus, some of the Bprotective^effects of kinase inactivation might be explained by decreased protein levels, even if the initial results were correct [36] . At this time, there are therefore several reasons to think that kinase inhibition of LRRK2 might be therapeutically useful for PD but enough uncertainty to consider whether other portions of the molecule might also be targeted [29] .
In turn, this leads to the question of what the other regions of LRRK2 do. As mentioned above, the ROC-COR domain of LRRK2 was predicted to bind and hydrolyze GTP as a member of the ROCO protein family [37] and possibly part of the mechanistic group of G proteins that are regulated by dimerization [38] . Several groups were able to show that LRRK2 can bind GTP and that mutations do not seem to affect binding affinity [39] [40] [41] . Although GTPase activity of LRRK2 is low compared to small GTPases like Rab or Ras, it has been measured and a consistent result is that mutations in the ROC or COR domains are associated with lower GTPase activity, i.e., slower rates of turnover from GTP to GDP [39, 40, [42] [43] [44] .
To my mind, the interpretation of these results depends on whether the GTP-or GDP-bound form of LRRK2 is the Bactive^cellular complex. If, like many of the small GTPases, GTP-LRRK2 were active, then, lower GTPase activity would be associated with longer time in the activated state. Thus, a diminished biochemical activity might lead to a higher cellular activity by virtue of having a persistent function. This view, which is admittedly speculative at this time, would then support the concept that ROC/COR LRRK2 mutations, like kinase mutations, are biochemically active.
Although the data therefore now supports the original proposal that LRRK2 has both kinase and GTPase activity, there are a few areas that remain unclear. First, while LRRK2 can be assayed as a kinase, the true substrate for LRRK2 remains uncertain with many proposed but few being proven unambiguously at physiological levels [45] . A convenient way to assay LRRK2 is to monitor autophosphorylation, and there is one site at S1292 that can be measured in vivo [25] , so it remains possible if unlikely that there are no actual external substrates. Second, because of the difficulties in measuring GTPase activity in vitro, it is uncertain whether LRRK2 can promote the turnover of GTP to GDP in the cell without additional regulators. Some models have proposed that their GTPase accessory proteins (GAPS) and GTP exchange factors (GEFs) can bind LRRK2, specifically ArfGap1 [42, 46] and ARHGEF7 [32, 47] . However, in other models, LRRK2 dimerization, which has been shown to occur in the full-length protein by several groups [48] [49] [50] [51] , has been proposed to control GTPase activity without the requirement for accessory proteins [38] . The dimerization motif of some LRRK2 homologues is the COR domain [52] , potentially explaining how COR mutations diminish GTPase activity of LRRK2. If correct, then, this model might explain why activity is hard to measure-protein concentration of LRRK2 in the assay would have to be high enough to support dimer formation in the test tube, which is difficult to obtain for such a large protein.
Thirdly, how GTPase and kinase activities relate to each other is not resolved. Intuitively, the presence of two distinct activities in the same molecule has been selected evolutionarily because they require tight spatial or temporal coordination. The initial model was that, in the way that small GTPases like Ras regulate kinases like Raf, GTP binding to the ROC/COR region of LRRK1 or LRRK2 stimulates kinase activity [41, 53] . However, subsequent studies found that while mutations that diminish GTP/GDP binding capacity of LRRK2 do indeed have lower kinase activity, adding excess nonhydrolyzable GTP homologues does not increase kinase activity as predicted [54, 55] . Therefore, the available data does not support the simple model that GTP-bound LRRK2 has more kinase activity.
Although this might seem a rather small point, it has an important implication for understanding mutations in LRRK2, which can be illustrated by the following logic. If mutations either increase kinase activity (G2019S) or diminish GTPase activity (R1441C, Y1699C) and if the GTP-bound form of LRRK2 has higher kinase activity than GDP-LRRK2, then, all mutations have the same biochemical output of more kinase activity. Importantly, for the discussion here, this model has all mutant alleles producing biochemically active protein. However, some mutations do not fit in this simple rubric-G2385R as mentioned above has lower kinase activity, and I2020T has variable effects on kinase activity depending on the assay used [56] . Hence, we cannot at this time show that all mutations affect the same biochemical outputs of the protein.
I think that this is a question that is in danger of being left to one side with the mistaken impression that the answer is either known or uninteresting. I do think it is likely that all mutations lead to the same output at a cellular level that, from there, impact the same pathogenic process and some candidate examples will be given below. However, there are several ways to resolve the available biochemical data with the concept of a unified pathogenic mechanism. Perhaps we are thinking about Bactivity^in a rather simple steady state manner when in fact considering the dynamics and sequence of events might be more helpful. For example, LRRK2 is a dimer [50] that is proposed to be more kinase active than monomer when associated with cellular membranes [48, 57] . It is therefore possible that the Bactivity^of LRRK2 is regulated by a combination of monomer to dimer transitions, in turn dependent on concentration, and/or localization within the cell. If such a scenario were correct, then, we would simply revise the original models to include a temporal and spatial component.
An alternative view is that the kinase and GTPase activities are not relevant because LRRK2 mutations are pathogenic by virtue of a loss of normal function. This would be consistent with LRRK2 being both a risk factor and a Mendelian gene, so long as the risk factor variants are associated with low expression. However, I think this is an unlikely explanation. While there are phenotypes associated with both loss of function and PD-mutant alleles in mice, they tend to be different quantitatively or qualitatively. For example, there are strong kidney phenotypes in LRRK2 knockout mice that are not shared when G2019S is knocked in [58] . Overexpression of mutant forms of LRRK2 is associated with neurite shortening but knockout neurons have longer neurites in vitro [59, 60] . Although there is an obvious limitation in that none of these phenotypes are neurodegenerative, the balance of evidence suggests that the mutations have the opposite effect as knockout.
If we add together the observations that mutant forms of LRRK2 are active in biochemical assays with the in vivo observations that mutant alleles and knockouts produce opposite phenotypes, then, we can infer that mutations in LRRK2 enhance function. Assuming that LRRK2 is also the gene in the GWAS-nominated locus for PD risk, this further implies that mutations enhance normal LRRK2 function, although a completely neomorphic function cannot be entirely ruled out.
At this time, my working model is that although mutations in different domains of LRRK2 have slightly different biochemical effects, they all enhance the normal function of LRRK2, leading to excessive or persistent activation. It is therefore important to know what LRRK2 is doing at a cellular level. Additionally, understanding how LRRK2 relates to other PD genes might provide important clues as to whether those functions are related to pathogenesis.
Relationship of the Function of LRRK2 to Other PD Genes
Having established some of the inherent biochemical activities of LRRK2, it is important to next understand what function(s) LRRK2 performs in cells. Two important clues to function come from localization and from interaction partners.
Overexpressed LRRK2 is excluded from the nucleus and largely cytosolic [18] although some studies suggested a mitochondrial pool of the protein [17] . At low levels of expression, and possibly also with endogenous protein, the cytosolic localization of LRRK2 can be refined. In cells, LRRK2 is associated with vesicular structures including areas of endocytic uptake at the plasma membrane as well as autophagic vesicles and multivesicular bodies [61] . Similar vesicular localization has been noted in the brain [61] [62] [63] although some caution might be needed as antibodies against LRRK2 can have a high background [64] . In some contexts, particularly with mutations or after inhibition of kinase activity, LRRK2 can be found in inclusions in the cell [18, 31] . These inclusions may be associated with microtubules [65] , perhaps because LRRK2 can bind to tubulin heterodimers [66, 67] . As discussed above, the common biochemical event shared between mutant and kinase-inhibited LRRK2 is dephosphorylation and loss of 14-3-3 binding [31] . Therefore, LRRK2 associates with vesicular structures and with cytoskeletal elements in a regulated fashion. Some of the regulation occurs by phosphorylation, as is often seen in signaling pathways, and some of the localization relates to protein interaction partners.
These data also suggest that LRRK2 might have a role in vesicular dynamics, particularly autophagy. Supporting this idea, LRRK2 knockout mice and rats have prominent changes in autophagy markers and attendant morphological changes [68•, 69, 70] . Such changes are predominantly seen in tissues where LRRK2 is highly expressed, but the homologue LRRK1 is not present, such as kidney, suggesting a degree of overlap in function between the two genes. Interestingly, in knockout mice kidney, there are higher levels of LC3-II at young ages but lower levels at higher ages [68•] . This would suggest that LRRK2 knockout is associated initially with enhanced autophagy, i.e., that LRRK2 is normally a suppressor of autophagic flux. Consistent with this idea, acute LRRK2 kinase inhibition in cells causes enhanced autophagy in a LRRK2-dependent manner [71] and mutations in LRRK2 limit autophagy [72••] . The changes towards the opposite direction in older animals likely represent a compensatory pathway limiting the effects of loss of LRRK2 over time.
Vesicular sorting and transport in many organisms involves the interaction of proteins at the surface of lipid membranes, particularly members of the Rab family of small GTPases, and the cytoskeleton [73] . Therefore, the localization of LRRK2 to vesicles and cytoskeleton would indicate that it plays a role in vesicular sorting. Consistent with this idea, knockout of the single lrrk gene in Drosophila causes alterations in lysosomal position, a Rab-dependent phenomenon [74] .
Collectively, these observations lead to the broader question of whether, outside of 14-3-3 and tubulin, additional protein interaction partners might influence LRRK2 localization and, hence, function. There are many proteins that have been claimed to interact with LRRK2 at least in some conditions. I do not have space to enumerate all of them here, but the interested reader is directed to some recent summary articles that have attempted to report systematically on the strength of evidence for each interaction [75, 76] . Instead, I will focus on a smaller number of examples that illustrate the larger point about localization being related to function, some coming from my own laboratory.
Several years ago, we started a project aimed at finding novel LRRK2 interacting proteins using an entirely in vitro strategy. We purified full-length, recombinant LRRK2 and LRRK1 [49] which we then used to probe commercially available (Invitrogen) glass microarrays containing ∼10,000 recombinant proteins generated in vitro. Such protoarrays have been used to identify protein interactions for several other mammalian proteins [77] [78] [79] and have the potential utility of having all target proteins expressed at the same level. Across several experiments [80, 81 •], we recovered many known interactors of LRRK2, such as 14-3-3 proteins [30, 31] , and LRRK1, such as EGFR [82, 83] . We also found BAG5, which had previously been nominated as a LRRK2 interactor by a yeast two-hybrid screen [84] . BAG proteins are known adaptors for Hsp70/Hsc70 [85] that in turn had previously been identified as a LRRK2 interactor [86] . Overall, these results show that protoarrays can be used to identify known, and hence valid, LRRK2 interaction partners.
More interestingly, we recovered two additional interactors that initially seemed to be unrelated to any known LRRK2 function, namely Rab7L1 and GAK. Rab7L1 is a small GTPase that had previously been shown to be localized to the Golgi network [87] . GAK and its homologue auxilin are well characterized to have roles in uncoating of clathrincoated vesicles [88] , with GAK having a specific role at the Golgi network [89] . We were able to show that LRRK2 binds Rab7L1 and GAK in a single complex that appeared to be stabilized by the BAG/HSc70 co-chaperone/chaperone pairing. In cellular experiments, we found that the overall complex promoted the turnover of a subset of vesicles derived from the trans-Golgi network (TGN) via a mechanism that involves the autophagy-lysosome pathway [81•] . Although this result needs further mechanistic exploration, particularly in understanding whether the same events occur at the endogenous level of LRRK2 expression, we have been able to validate these results using an automated system [32] . Interestingly, the Rab7L1-induced relocalization of LRRK2 to the TGN depends on expression of ArhGEF7, a proposed LRRK2 substrate [47] . This result raises the possibility that LRRK2 kinase activity may be important in vesicular sorting and turnover.
Independently, Rab7L was nominated as a LRRK2-interacting protein based on analysis of the PARK16 locus nominated by GWAS as containing a gene or genes associated with PD risk [90•] . Macleod et al. also proposed that LRRK2 interacts physically with VPS35, a component of the retromer complex that controls recycling of proteins from the endosomal system to the TGN [91] . Importantly, mutations in VPS35 cause an autosomal dominant form of PD; thus, the nominated interaction between LRRK2 and retromer unites two familial forms of PD [92, 93] .
Although both studies concurred that LRRK2 and Rab7L1 interact physically, there are some unresolved discrepancies. For example, Macleod et al. proposed that increased expression of Rab7L1 rescues LRRK2-induced neurite shortening and, consistent with this, lower expression variants of Rab7L1 is associated with PD risk [90•] . In contrast, our analysis proposed that both increased expression of Rab7L1 and expression of any pathogenic mutant form of LRRK2 increased relocalization to the TGN, i.e., both proteins acted in the same direction [81•] . Additionally, in human brain, higher expression of Rab7L1 was associated with PD risk using two different RNA expression measurements [81•, 94••] .
It is possible that Rab7L1 could promote LRRK2 relocalization to the TGN while also limiting neurite shortening as there is no need to assume a direct correlation between these two events. However, the human brain expression data should be able to be unambiguously resolved in the future. Expression quantitative trait loci (eQTL) can be identified by comparing gene variants with gene expression, usually measured using microarrays or RNA-seq [95] . Because the effects of risk variants on gene expression are often small, findings from a single series can be difficult to interpret without replication. It will therefore be important to confirm or refute the association between risk variants at the PARK16 locus and expression of Rab7L1 in additional brain series and to understand the direction of effect.
Although there are, therefore, some outstanding questions about Rab7L1, it is highly likely that this gene contributes to some of the risk at the PARK16 locus. GAK, which we also found interacting with LRRK2, is also a replicated risk locus for sporadic PD [13, 14, 94••] . Whether GAK explains all of the risk of PD is less certain than for Rab7L1 as the locus contains two independent signals that may indicate more than one gene contributes at this region. However, there are some genetic data that support GAK as a candidate for a PD gene. There are reports that loss of function mutations in the GAK homologue auxilin (gene name DNAJC6) cause early onset parkinsonism [96, 97] . Additionally, there are mutations in the auxilin interaction partner, synaptojanin-1 (SYNJ1), that also cause early onset parkinsonism [98, 99] . Collectively, these results suggest that the biological process of clathrin uncoating may be important in PD-related pathways.
Although there is work to be done in confirming that LRRK2 has multiple binding partners, they show that protein interactions tie together genes relevant for both inherited and sporadic PD. In other words, functional complexes of proteins working in defined cellular pathways explain at least aspects of the disease process. It is therefore of interest to know how many genes for PD we can explain by protein interactions. As discussed elsewhere [100] , LRRK2 has strong links to at least two other important genes for parkinsonism, SNCA and MAPT, that code for neuronal proteins involved in endocytosis and cytoskeletal stability and likely related to the identified function of LRRK2 in vesicular sorting along cytoskeletal tracks.
Conclusions
The data available to date suggests that LRRK2 plays a critical role in the underlying pathobiological processes relevant to inherited and sporadic PD. Understanding the function of a protein complex that includes LRRK2 has allowed conceptual extension to several different genes causing PD. By extension, this suggests that further discoveries in the realm of PD genetics might be useful in development of therapeutics for multiple forms of disease.
At the same time, there are several areas where our understanding is not yet fully developed. Several of the individual results, including some published from my lab, require confirmation or refutation by others. Globally, whether all PD genes, including those that cause recessive parkinsonism, are related to the same set of pathways remains uncertain. Most importantly, how we get from genes to parkinsonism is uncertain as none of the nominated genes or processes are restricted to neurons that are sensitive to PD, such as dopaminergic neurons in the substantia nigra. However, that we can now acknowledge that there are additional areas that need to be e x pl o r e d s h o w s h o w f ar ou r k n o w l ed g e of t h e etiopathogenesis of PD has developed in the past few years. It is my distinct hope that this will continue over the next few years to the point where some of this work can be returned to people living with PD in the form of novel therapeutics.
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